Polymer crystallization, apart from its technological relevance, is a fascinating example of structure formation by molecular self-assembly featuring the interplay between different lengths and time scales ͓1-5͔. Single chains orient parallel to each other forming quasi-two-dimensional lamellae, which may be macroscopically large, with the chains usually perpendicular to the surface of the lamellae ͓6-11͔. Polymer crystallization involves both the diffusion of amorphous chains toward the growth front and their folding into regular structures. Complex processes at the growth front have been the subject of current discussion, such as the initial formation of small crystalline grains which eventually fuse to form a lamella ͓1,12͔. The resulting granular substructure within crystalline polymer lamellae has been observed in direct-space observations by atomic force microscopy ͑AFM͒ and in wide-angle x-ray scattering experiments ͓12,13͔. Based on phase-field simulations, the loss of rotational freedom of the chains was proposed as a possible reason for the complex microstructures formed ͓1͔. However, it is still not clear if an orientational correlation exists between chain stems of different grains.
Crystallization can be further controlled by nanoscale confinement ͓4,8,9,14-16͔. In a diblock copolymer, two immiscible polymer chains are chemically bound which leads to the formation of self-organized nanostructures via microphase separation. Crystallization of one of the blocks may thus be confined by the microphase-separated block copolymer morphology, if the glass temperature of the amorphous block lies above the melting point of the crystalline block ͓8,14,17-20͔. Otherwise, crystallization can break out and destroy the block copolymer domains by forming crystalline lamellae ͓21-23͔. The molecular orientation within the crystalline domains formed has been characterized by scattering methods, and the domains were macroscopically oriented, e.g., by shear alignment ͓8,17,24͔.
In thin-film geometry, lamellar structures align parallel to the substrate surface because of geometrical confinement as well as physico-chemical interactions at the substrate-film and the film-air interface ͓7,11,16,25͔. Various microscopies as well as electron diffraction and x-ray reflectometry have been applied to thin films of block copolymers to correlate the surface domain topography to the mean thickness of the crystalline lamellae and the average chain orientation to the lamellar interface of the other block ͓16,26͔. Additionally, block copolymer thin films offer the advantage that several crystalline lamellae ͑on the order of 10͒ separated by the amorphous block can be stacked without loss of lamellar orientation, thereby enhancing the scattering signal when compared to monolayers of crystalline polymers on a substrate ͓3,27͔.
We present a study of structures resulting from crystallization of symmetric polystyrene-b-poly͑ethylene oxide͒ ͑PS-b-PEO͒ diblock copolymers in thin-film geometry. Short chain lengths were chosen for both blocks ͑molar mass: 3000 g/mol͒ allowing to distinguish between different folding states of the PEO block. Moreover, from the Flory-Huggins segment-segment interaction parameter of the PS/PEO pair ͓28͔ together with the low block molar masses, a very low order-to-disorder transition ͑ODT͒ temperature is estimated for an amorphous block copolymer ͑−90°C͒, thus far below the crystallization temperatures used, i.e., the crystallization is unconfined ͓29,30͔. This was confirmed by in situ grazingincidence small-angle x-ray scattering ͑GISAXS͒: the lamellar structure vanishes above 40°C, i.e., even below the melting point of PEO ͓31͔. Thus, the microphase separation is primarily due to the crystalline structure of PEO and not to the repulsive interaction between PS and PEO.
The crystallization of the PEO blocks induces microphase separation from PS, which, in turn, leads to the creation of a layered film structure with crystalline PEO lamellae alternating with amorphous PS lamellae. We combined optical microscopy, AFM, and x-ray scattering techniques to determine the orientation of the crystalline PEO blocks within the films. Thin polymer films were prepared by spin coating from toluene solution onto UV/ozone cleaned silicon wafers, resulting in film thicknesses of around 100 nm. The wafer surface is preferential for PEO. After melting the PEO crystallites for 5 min at 62°C, i.e., just above the melting point T m = 55°C of bulk PS-b-PEO, the films were quenched to the crystallization temperature T x of 25°C or 50°C ͑strong or weak supercooling, respectively͒ at a cooling rate of 50 K/min. The films were then kept at T x and the morphological changes in the surface during crystallization were followed with optical microscopy until the entire film ͑1 cm 2 ͒ was crystallized and no further changes were observed. The sample preparation was carried out in a nitrogen atmosphere. Note that T g of the PS block is estimated to be at room temperature ͓8,18,33͔, in contrast to earlier studies ͓8,18,32͔ using higher molar mass polymers, where T g was above T m , i.e., in the hard confinement regime.
The mesoscopic structure inside the film was investigated using GISAXS. Experiments were carried out at beamlines BW4, HASYLAB ͓34͔ and D1, CHESS ͓35͔ with sampleto-detector distances of 1.11 and 1.21 m and wavelengths of = 0.138 and 0.124 nm. The incident angle ␣ i was varied between 0.15°and 0.50°, thus above the critical angle of the polymer film ͑␣ cp = 0.14°for = 0.138 nm͒. At these incident angles, the entire film contributes equally to the signal. Measurements were carried out at room temperature. The GISAXS maps are given as a function of q xy and q z , the lateral and the normal components of the scattering vector, respectively. Repeat distances of the layers were calculated from the q z positions of the diffuse Bragg sheets within the framework of the distorted-wave Born approximation ͓36͔.
To determine the crystalline structure and orientation of the PEO block, we used grazing-incidence wide-angle x-ray scattering ͑GIWAXS͒. Experiments were carried out using a Rigaku rotating anode x-ray source with = 0.1542 nm in combination with a Fuji film image plate detection system ͓37͔ at a distance of 0.124 m from the sample. The incident angle ␣ i was fixed at 0.18°. Measurements were performed at room temperature. GIWAXS images were modeled with the SimDiffraction software ͓38,39͔ using the bulk PEO lattice ͓40͔ and assuming that the films were laterally isotropic. Additional high-resolution diffraction experiments were carried out at beamline BW2 at HASYLAB.
Time-resolved optical microscopy ͑insets of Fig. 1͒ revealed that, at T x = 25°C and at 40°C, the density of nuclei was about 500 nuclei/ mm 2 and the speed of the crystallization front was high ͑5400 nm/s͒, whereas at 50°C, less than 1 nucleus/ mm 2 was present, growing at a low rate of 2 nm/s. AFM provided information on surface texture. At T x =50°C ͓Fig. 1͑a͔͒, the surface exhibited staggered and smooth terraces having an average height of 11.0Ϯ 0.5 nm. In contrast, at T x = 25°C and at 40°C ͓Figs. 1͑b͒ and 1͑c͔͒, a rough surface consisting of elongated small objects of about 100 nm in size was observed. We assign them to individual crystalline PEO grains which formed at the advancing growth front. Two-dimensional ͑2D͒ GISAXS images of the crystallized films show weak intensity maxima along the q z axis ͑Fig. 2͒. We attribute these to diffuse Bragg sheets from crystalline PEO lamellae in the films having their interfaces parallel to the substrate, separated by amorphous PS layers. Fitting the q z positions of the diffuse Bragg sheets measured at several incident angles, the repeat distances were determined to be 16.0Ϯ 0.5, 20.0Ϯ 0.7, and 21.0Ϯ 0.5 nm at 25°C, 40°C, and 50°C, respectively ͓36͔. The latter value is consistent with the one calculated for a bilayer of a once-folded PEO block with polymer chains oriented perpendicular to the lamellar surface and the attached coiled PS block of 23 nm ͓41͔. The surface terraces of this film, as seen by AFM, consist either of a half lamella or of bilayers of twice-folded PEO.
The perpendicular orientation of the PEO chain stems at T x = 50°C is confirmed by GIWAXS ͓Fig. 3͑a͔͒. The Bragg reflections from the PEO stems were indexed by simulating the 2D diffraction image of the PEO lattice ͓Fig. 3͑b͔͒. The orientation of the crystallites was assumed to be rotationally isotropic around the film normal. We note, however, that at T x = 50°C, this assumption is not ideally fulfilled: due to the FIG. 1. ͑Color online͒ AFM topography images of films crystallized at ͑a͒ T x =50°C, ͑b͒ 40°C, and ͑c͒ 25°C, all measured at room temperature. The height scales are given in nm. The insets show optical micrographs with a size of 100ϫ 100 m 2 .
large average size of the crystallite, the GIWAXS image exhibits some intensity variations of equivalent diffraction peaks on either side of the ͑vertical͒ symmetry line. Comparison of the experimental and simulated images shows that the c axis of the unit cell ͑and thus the PEO chain stems͒ is perpendicular to the crystallite surface ͑i.e. the tilt angle with respect to the film normal is =0°͒ with a half-width at half maximum ͑HWHM͒ of the distribution of tilt angles of only 3°. These findings are consistent with observations in the bulk ͓8͔. The low growth rate seems to enable nearly perfect crystal growth within the film plane yielding a rather smooth surface topography, probably favored by a relatively high mobility of the PS blocks at this elevated temperature, facilitating lateral diffusion of the copolymers toward the growth front ͓Fig. 4͑a͔͒.
In contrast, the positions of the Bragg reflections in the image at T x = 25°C indicate an average tilt angle of 35°w ithin large domains of about 50 m in diameter ͓Figs. 3͑c͒ and 3͑d͔͒. The azimuthal width of these reflections suggests that this tilt angle has a wide distribution. Using a Lorentzian with a HWHM of 13°, a reasonable agreement could be obtained. The chain stems thus seem to be inclined with respect to the lamellar interfaces, and their distribution of orientations is relatively wide. Assuming that all chains are once folded and tilted by 35°, this result implies an average repeat distance of L = 21.0 nmϫ cos͑35°͒ = 17.2 nm, which is in good agreement with the repeat distance of 16.0Ϯ 0.5 nm deduced from the GISAXS results. The average lateral size of the crystallite grains with uniform chain orientation is only about 50 nm, as deduced from the width of the ͑120͒ reflection peak in the high-resolution grazing-incidence diffraction data ͑not shown͒, thus fully consistent with the grain size at the surface observed by AFM ͓Fig. 1͑c͔͒. From the lamellar thickness at 40°C, we conclude accordingly an average tilt angle of 17°. We conclude that each of the grains observed in the AFM image consists of chains with a specific inclination angle ͓Fig. 4͑b͔͒. The tilt angle differs from grain to grain and seems to be uncorrelated between neighboring grains. We suggest that the crystalline domains, which grow at a constant growth rate from a single nucleation point, are not built up from a large lamella with uniformly oriented crystalline chains. A possible reason for such loss of unique orientation is repeated nucleation events at the growth front, as demonstrated recently in phase-field simulations ͓1͔. The translational and rotational diffusions of PEO blocks may be additionally hindered by the more viscous PS layers at this low temperature, in contrast to the previously studied PB-b-PEO system where the perpendicular orientation prevailed ͓16,26͔.
Interestingly, the size of these crystallites is in the same range as determined by Strobl and co-workers ͓13͔ for various chemically different polymers at similar degrees of supercooling. This small size of the crystallites was taken as strong evidence for a general route of polymer crystallization leading to a granular substructure of crystalline polymer lamellae. Thus, the experimental results presented here on polymer crystallization provide clear support for the hypothesis that large quasi-two-dimensional crystalline polymer domains ͑i.e., crystalline lamellae characterized by a welldefined repeat distance͒ are actually composed of small subunits. The lateral size of these subunits increases with decreasing supercooling: the grain size is already beyond the resolution limit of the GIWAXS instrument for the sample crystallized at T x = 50°C. Our findings are also in qualitative agreement with the observations on shear-aligned PS-b-PEO in bulk ͓8͔, in spite of the differences in sample molar mass, preparation, and alignment. In addition to measuring the mean inclination angle, we have also simulated the width of the variation around this angle and have determined the lateral extension of crystalline grains, which was found to be consistent with the characteristic size of surface features observed by AFM. The thickness of the films which amounts to a few bilayers is sufficiently high such that substrate/polymer interactions during the crystallization can be neglected for the main part of the film. Future systematic experiments slowly varying the degree of supercooling will be devoted to studying the scaling of the domain size and correlate this with the average lamellar period and the average molecular tilt of the PEO stems.
Our work shows that only a detailed multiscale structural analysis can explain the observed surface morphologies and relate them to different mechanisms of crystal growth. The thin-film geometry used here offers an ideal possibility to correlate detailed structural analyses on various length scales with the direct-space observation of crystal growth via microscopy techniques, in order to deepen our understanding of polymer crystallization.
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